Several constitutional chromosomal rearrangements occur on human chromosome 17. Patients who carry constitutional deletions of 17q21.3-q24 exhibit distinct phenotypic features. Within the deletion interval, there is a genomic segment that is bounded by the myeloperoxidase and homeobox B1 genes. This genomic segment is syntenically conserved on mouse chromosome 11 and is bounded by the mouse homologs of the same genes (Mpo and HoxB1). To attain functional information about this syntenic segment in mice, we have generated a 6.9-Mb deletion [Df (11)18], the reciprocal duplication [Dp (11)18] between Mpo and Chad (the chondroadherin gene), and a 1.8-Mb deletion between Chad and HoxB1. Phenotypic analyses of the mutant mouse lines showed that the Dp(11)18/Dp(11)18 genotype was responsible for embryonic or adolescent lethality, whereas the Df(11)18/1 genotype was responsible for heart defects. The cardiovascular phenotype of the Df(11)18/1 fetuses was similar to those of patients who carried the deletions of 17q21.3-q24. Since heart defects were not detectable in Df(11)18/Dp(11)18 mice, the haplo-insufficiency of one or more genes located between Mpo and Chad may be responsible for the abnormal cardiovascular phenotype. Therefore, we have identified a new dosage-sensitive genomic region that may be critical for normal heart development in both mice and humans.
T HE most overt differences between the genomes of two mammalian species are the numbers and arrangement of their chromosomes. Structural alterations in the mammalian genome, particularly duplications and inversions, provide the raw material for the forces of evolution. Duplications enable genetic variants to be tested in one copy of a gene, enabling new gene functions to emerge, while inversions can lock sets of allelic variants into large haplotype blocks, enabling these to diverge as a group without genetic assortment until the inversion increases in frequency in the population.
Recently, it has been recognized that large genomic alterations involving loss or gain of millions of base pairs are common polymorphisms in the human and mouse populations (Sebat et al. 2004; Adams et al. 2005) . Most of these copy number polymorphisms (CNPs) do not have any developmental or physiological consequences to the individual with the CNP. However, a subset of these alterations are not neutral and are responsible for many disease processes. Chromosomal abnormalities in somatic cells play a major role in many types of cancer (Rabbitts 1994) . Constitutional chromosomal abnormalities are important causes of human genetic diseases (Shaffer and Lupski 2000) . Some chromosomal rearrangements such as the deletions associated with DiGeorge, Prader-Willi/Angelman, Williams, and SmithMagenis syndromes are generated de novo at a relatively high rate in the human population. Many other diseaseassociated chromosomal rearrangements have been described, but they are comparatively rare and/or their associated phenotypes are quite variable so that they have yet to be classified as ''syndromes.'' Until recently, constitutional deletions have been identified using conventional cytogenetic techniques, restricting the detection limit of disease-associated deletions to several million base pairs. Recently, the use of high-resolution BAC arrays has begun to identify many more disease-associated deletions previously undetected because of the low resolution of cytogenetics. Characterization of these chromosomal rearrangements offers an opportunity to identify the causative genes for many disease phenotypes (Riccardi et al. 1978; Varesco et al. 1989; Millar et al. 2000) .
The many conserved linkage groups between the genomes of humans and mice makes it possible to model 1 These authors contributed equally to this work. the chromosomal rearrangements involved in human diseases by using chromosome engineering (RamirezSolis et al. 1995; Yu and Bradley 2001) . Mouse models that carry engineered chromosomal deletions have been successfully used to model the human chromosomal deletions that are responsible for DiGeorge syndrome (Lindsay et al. 1999 (Lindsay et al. , 2001 Merscher et al. 2001) , Prader-Willi syndrome (Tsai et al. 1999) , and SmithMagenis syndrome (Walz et al. 2003) . Deletion syndromes are very difficult to analyze in humans because one must rely on rare deletions to subclassify the phenotype. In contrast, specific subdeletions can be generated in mice, enabling specific associations to be drawn between aspects of the phenotype and genes in the deleted region. Indeed, this approach was instrumental in the identification of the causative gene for the principal cardiovascular defect in DiGeorge syndrome ( Jerome and Papaioannou 2001; Lindsay et al. 2001; Merscher et al. 2001) .
Many disease-associated chromosomal rearrangements have been reported on human chromosome 17 (Shaffer and Lupski 2000; Schinzel 2001 ). Mouse models for some of these disorders have been developed by using targeted manipulation of mouse chromosome 11 (Hirotsune et al. 1998; Toyo-oka et al. 2003; Walz et al. 2003) . However, mouse models have not been developed for the constitutional deletions in the human chromosome region 17q21.3-q24 (Park et al. 1992; Dallapiccola et al. 1993; Khalifa et al. 1993; Levin et al. 1995; Thomas et al. 1996; Mickelson et al. 1997; Marsh et al. 2000) . These de novo deletions occur at a low frequency. Children with the deletions have a distinct phenotype with the clinical features of heart defects, esophageal atresia, and hand abnormalities. The genomic region associated with the human deletions spans 19 Mb (Thomas et al. 1996) . The syntenic region in the mouse genome is distributed between seven segments in the distal region of mouse chromosome 11 (Figure 1) . In this study, we have engineered two deletions and one duplication in the largest of these syntenic regions. We characterized the phenotypic consequences of gene dosage imbalance in the rearranged regions and found that mice with the deletion between Mpo and Chad have developmental heart defects that mirror those seen in the human patients who carry the deletions of 17q21.3-q24.
MATERIALS AND METHODS
The targeting vectors for generating the rearrangements between Mpo and Chad: The targeting vectors were isolated from either the 59-or the 39-Hprt vector genomic libraries (Zheng et al. 1999) . The vectors from both libraries contain inserts of DNA that were generated by partial Sau3AI digestion of genomic DNA from the 129S5 mouse strain. A Chad-specific probe was amplified from mouse genomic DNA with primers 59-GCC TGG TCG GGG CTG TCT AGG-39 (forward) and 59-GGA TTG AAG GCG TGC GCT ACC-39 (reverse) and used to screen the 59-Hprt library. Clone 4B8F, which contained a 7.3-kb genomic insert, was identified. Three internal NheI fragments, of 0.5, 0.8, and 1.5 kb, were deleted from the genomic insert of clone 4B8F to generate the targeting vector pTVChad2. The orientation of the deleted insert of pTVChad2 was reversed to generate the targeting vector pTVChad3. An Mpo-specific probe was amplified from mouse genomic DNA with primers TGG CAG TTT GGG GAT AGG ATT G-39 (forward) and TAG AAG GGA AGG GAG GTG CAA G-39 (reverse) and used to screen the 39-Hprt library. Clone 2C10C, which contained a 10-kb insert, was identified. A 4.0-kb AflII fragment was deleted from the insert of clone 2C10C to generate the targeting vector pTVMpo2. The orientation of the deleted insert of pTVMpo2 was reversed to generate the targeting vector pTVMpo3.
The targeting vectors for the deletion between Chad and HoxB1: The targeting vector for the HoxB1 gene pTVHoxB1 has been described previously (Medina-Martinez et al. 2000) . To construct pTVChad14, an insertional targeting vector for the Chad locus with the 39-Hprt vector backbone, a PmeI site was inserted into the NheI site within the genomic insert in pTVChad2 and this modified genomic insert was cloned into the AscI site of the 39-Hprt vector backbone.
Gene targeting in embryonic stem cells: Culture of the AB2.2 line of embryonic stem (ES) cells and the method for gene targeting have been described previously (Ramirez-Solis et al. 1993) . For generating the rearrangements between Mpo and Chad, pTVChad2 and pTVChad3 were linearized by digestion with NheI whereas pTVMpo2 and pTVMpo3 were linearized by digestion with AflII prior to transfection. For generating Df(11)19, pTVChad14 and pTVHoxBI were linearized by digestion with PmeI and SalI, respectively. Using electroporation, the linearized targeting vectors were transfected into ES cells, which were selected in G418 or puromycin. Positive clones were identified by Southern blot analysis with one of the following probes: a 1.5-kb NheI fragment from clone 4B8F ,94,386,239-94,387,768 . for the Chad locus, a 0.7-kb NdeI- AflII , 87, 527, 528, 230 . fragment from clone 2C10C for the Mpo locus, or a 0.7-kb EcoRI , 96, 182, 183, 050 . fragment external to the 59 homologous region of the targeting vector for the HoxB1 locus.
Generation of chromosomal rearrangements in ES cells and mice: The pOG231 cre-expression vector (O'Gorman et al. 1997) was electroporated into double-targeted clones, and ES cell clones with recombined products were selected in hypoxanthine, aminopterin, and thymidine (HAT) medium as described previously (Ramirez-Solis et al. 1995; Liu et al. 1998) . Clones of ES cells that carried the desired deletion between Chad and Mpo generated by trans recombination were identified by hybridizing Southern blots of NdeI-digested genomic DNA from HAT-resistant ES cell clones to the 0.7-kb NdeI-AflII fragment from clone 2C10C for the Mpo locus (Figure 3 ). The reciprocal duplication was confirmed by hybridizing the same Southern blots to the 1.5-kb NheI fragment from clone 4B8F from the Chad locus (Figure 3 ). The deletion was designated del(11)(Mpo-Chad) Brd , abbreviated as Df (11)18. The duplication was designated dup(11)(Mpo-Chad) Brd , abbreviated as Dp(11)18. Clones of ES cells that carried the desired deletion between Chad and HoxBI were identified by hybridizing Southern blots of NdeI-digested genomic DNA of the ES cell clones to a radiolabeled 1.5-kb NheI fragment that was isolated from clone 4B8F from the Chad locus ( Figure 6 ). This deletion was designated del(11)(Chad-HoxB1) Brd , abbreviated as Df (11)19. Germline-transmitting chimeras were generated from ES cell lines carrying the engineered chromosomes by microinjection of blastocysts isolated from albino C57B6/J-Tyr c-Brd females as described previously (Bradley 1987) .
Genotyping by simple sequence length polymorphism markers: The simple sequence length polymorphism (SSLP) marker at D11Mit179 was used to distinguish chromosomes originating from the AB2.2 ES cell line (129S7) and from C57B6/J-Tyr c-Brd mice. The allele size at D11Mit179 is 139 bp in 129S7 and 165 bp in strain C57B6/J-Tyr c-Brd (H. Su and A. Bradley, unpublished results) .
Fluorescent in situ hybridization: Chromosome spreads of ES cells were prepared as described previously (Robertson 1987) . BAC clones were used as probes for fluorescent in situ hybridization (FISH) (Baldini and Lindsay 1994) . For the analysis of the genomic rearrangements between Mpo and Chad, BAC clone RP23-276G11 was labeled with biotin and detected with fluorescin isothiocyanate-avidin. BAC clones RP23-257C13 and RP23-351G6 were labeled with digoxigenin, and they were detected with antidigoxigenin-rhodamine antibody. RP23-351G6, which contains the Tbx2 gene, was confirmed by PCR with primers 59-GCG CCG CTG GTG GTG CAG ACA-39 (forward) and 59-CCG GGG CCC ATG GCG AAT TGT-39 (reverse). For the analysis of the deletion between Chad and HoxB1, BAC clone RP23-374F6 was labeled with biotin, and it was detected with fluorescin isothiocyanate-avidin. BAC clone RP23-276G11 was labeled with digoxigenin, and it was detected with antidigoxigenin-rhodamine antibody. Chromosomes were counterstained with 49,69-diamidino-2-phenylindole.
Phenotyping esophageal atresia: E18.5 fetuses were euthanized by asphyxiation with carbon dioxide. A 0.4-ml sample of diluted India ink was orally administrated to the euthanized fetuses with a 1-ml syringe. The degree of blockage in the esophagus was determined by quantifying the amount of India ink in the stomach. A stereomicroscope equipped with an eyepiece reticule was used to measure the sizes of ink-stained areas of the stomach.
RESULTS
Generation of a chromosomal deletion and duplication between Mpo and Chad: Human chromosome 17q21.32-q23.2 contains 99 known and predicted genes between the MPO and HOXB1 genes (NCBI build 35). The homologs for 92 of these are present on mouse chromosome 11 between the Mpo and HoxB1 genes with a conserved gene order (NCBI build 34). The human MPO-CHAD region has 51 known and predicted genes. The mouse homologs for 47 of these are also located on mouse chromosome 11 between the Mpo and Chad genes ( Figure 1 ; supplementary Tables S1 and S2 at http:/ / www.genetics.org/supplemental/). To examine the relevance of these regions in the constitutional deletion disorders on human chromosome 17, two deletions and a reciprocal duplication of the syntenic region between Mpo and HoxB1 were generated using a long-range Cre/ loxP-mediated recombination (Ramirez-Solis et al. 1995; Liu et al. 1998; Yu and Bradley 2001; Zheng et al. 2001) . When this study was initiated, the orientation of both Mpo and Chad relative to the centromere was not known. Therefore, two targeting vectors with different orientations of the 59-and 39-Hprt mini-gene cassettes were utilized.
AB2.2 ES cells were sequentially targeted with pTVChad3 and pTVMpo2 (Figures 2 and 3) . Six doubletargeted clones were isolated and they were transiently transfected with the cre-expression vector. ES cell clones that had undergone loxP recombination, which activated the Hprt selection cassette, were selected in HAT medium. Two of the six double-targeted clones did not generate any HAT-resistant (HAT r ) clones. This result suggested that this combination of vectors resulted in targeting of the 59-and 39-Hprt-loxP selection cassettes in opposite orientations on chromosome 11.
To generate ES cells with the deletion, doubletargeted AB2.2 ES cell clones were generated with pTVMpo2 and pTVChad2. Eight double-targeted clones were isolated and they were transiently transfected with the cre-expression vector. HAT-resistant clones were generated at a frequency of 0.03% from two of the clones and 10% for six of the clones. All of the HATresistant clones derived from double-targeted clones with a high recombination efficiency were sensitive to both G418 and puromycin. These results suggested that an Mpo-Chad deletion was generated by cis recombination in these clones (Figure 2A ). The presence of the deletion in these HAT-resistant clones was confirmed by Southern blot analysis ( Figure 2B ).
To generate ES cell clones with both the deletion and the reciprocal duplication, ES cells were targeted with pTVChad3 and pTVMpo3. Four clones designated 1C, 2B, 3G, and 7H were isolated and transiently transfected with the cre-expression plasmid. The efficiency of Cre/ loxP-mediated recombination measured by the generation of HAT-resistant clones was 0.05% for clone 1C and 10% for the clones 2B, 3G, and 7H. The lower efficiency of loxP recombination in clone 1C suggested that the loxP sites were targeted in trans ( Figure 3A) . Six HATresistant clones were isolated from 1C cells, designated 1C1-1C6. Sib selection indicated that clone 1C6 was G418 sensitive and puromycin resistant whereas clones 1C1-1C5 were resistant to both G418 and puromycin. These results suggested that 1C6 carried a duplication whereas clones 1C1-1C5 carried both the deletion and the duplication (Yu and Bradley 2001; Zheng et al. 2001) , which was confirmed by Southern blot analysis ( Figure 3B ) and by FISH on metaphase and interphase chromosomes ( Figure 3C ).
1C1 and 1C2 clones carrying both Df(11)18 and Dp(11)18 were used to generate germline chimeras. Segregation of the deletion and the duplication alleles was observed in the first generation (Figure 4) . The 129S7 allele of the D11Mit179 SSLP marker (which maps within the deletion interval) was absent in 25-30% of agouti (ES-cell-derived) F 1 progeny, which confirmed the presence of the deletion allele ( Figure 4A ), although at lower-than-expected frequency. Df(11)18/Dp(11)18 mice were established by crossing Dp(11)18/1 females with their chimeric fathers. These genetically balanced 3) and ES cell DNA that contained the Mpo-Chad deletion (lanes 2 and 4). N, NdeI; 39, 39-Hprt; 59, 59-Hprt; Ag, K14-Aguoti gene; Ty, tyrosinase minigene; Puro, puromycin-resistance gene; Neo, neomycin-resistance gene; WT, wild type; <, loxP site. mice were viable and fertile and used to maintain both Df(11)18 and Dp(11)18 chromosomes. The tyrosinase minigene present in the Chad targeting vector cosegregated with Dp(11)18 (Figure 3) , and it was phenotypically expressed as a light-brown coat color in an albino background (supplementary Figure S1 at http:/www. genetics.org/supplemental/).
Df(11)18/Df(11)18 and Dp(11)18/Dp(11)18 mice: The Df(11)18 and Dp(11)18 chromosomes were maintained in the mixed genetic background of 129S7 and C57BL/ 6-Tyr c-Brd
. Intercrosses between Df(11)18/Dp(11)18 mice were performed. The litters produced from these crosses were smaller than normal (mean ¼ 4.1, n ¼ 8, P , 0.05). Genotype analysis of these litters at 2 weeks of age revealed that 94% of mice were of the balanced genotype Df(11)18/Dp(11)18 while only 6% of mice were Dp(11)18/ Dp(11)18 (Table 1 ). The surviving Dp(11)18/Dp(11)18 mice were smaller than their litter mates and none survived past 4 weeks of age. Timed matings were established and fetuses were isolated and genotyped at E18.5. As expected, no Df(11)18/Df(11)18 fetuses were identified since the homozygous deletion of Sfrs1 located within the deletion interval would cause embryonic lethality prior to E7.5 (Xu et al. 2005) . Undoubtedly, homozygous loss of other genes in the interval would also contribute to early embryonic lethality. Just 8% of the E18.5 fetuses were Dp(11)18/Dp(11)18, indicating that this genotype also affected normal embryonic development. While the specific mechanism underlying the lethality of Dp(11)18/ Dp(11)18 mice is unknown, the phenotype is apparently caused by increased gene dosage in the duplicated region. These results demonstrated that the genomic region bounded by Mpo and Chad is a gene-dosage-sensitive region.
Df (11)18/1 and Dp(11)18/1 mice: Df(11)18/1 mice were not observed at the expected 50% frequency in the ES-cell-derived progeny transmitted by chimeras derived from the injection of ES cells with the balanced Df(11)18/ Dp(11)18 genotype. Test crosses between Df(11)18/ Dp(11)18 and 1/1 (C57B6/J-Tyr c-Brd ) confirmed that just 31% progeny genotyped at 4 weeks of age carried the Df(11)18/1 genotype (Table 1) . Df(11)18/1 mice identified at 4 weeks of age were overtly normal and exhibited normal mortality. During an observation period 1 and 4) , double-targeted ES cell DNA (lanes 2 and 5), and ES cell DNA that contained the Mpo-Chad deletion and the reciprocal duplication (lanes 3 and 6) were hybridized to probe A (lanes 1-3) and probe B (lanes 4-6). N, NdeI; B, BamHI; 39, 39-Hprt; 59, 59-Hprt; Ag, K14-Aguoti gene; Ty, tyrosinase minigene; Puro, puromycin-resistance gene; Neo, neomycin-resistance gene; <, loxP site. (C) FISH analysis of chromosomal rearrangements between Mpo and Chad. The RP23-276G11 BAC probe (green) hybridized to the D11Mit171 marker, which is located outside the region, whereas the RP23-257C13 BAC probe (red) hybridized to the D11Mit179 marker located between Mpo and Chad. of 12 months, however, Df(11)18/1 females (n ¼ 14) were infertile. We observed no discernible abnormality in the histology sections of ovaries of Df(11)18/1 females (n ¼ 14). The physiological cause of the female infertility is unknown.
To identify why the Df(11)18/1 mice were underrepresented, progeny from Df(11)18/Dp(11)18 3 1/1 crosses were genotyped during the neonatal period and just prior to birth (Table 1) . At 2 weeks of age, 32% of mice had the Df(11)18/1 genotype; thus mortality was occurring before this time. At E18.5, Df(11)18/1 fetuses were observed at a frequency of 40%, indicating that the majority survived to term. Observation of littering females revealed that while the majority of Df(11)18/1 progeny were born alive, 15% died within several hours of birth.
Humans with a deletion of the conserved linkage region on human chromosome 17 exhibit ventricular septal defects, overriding of the aorta, and pulmonary stenosis (Park et al. 1992; Dallapiccola et al. 1993; Khalifa et al. 1993; Levin et al. 1995; Thomaset al. 1996; Mickelson et al. 1997; Marsh et al. 2000) . In addition, these patients may exhibit other clinical features such as esophageal atresia and hand anomalies. We therefore set up Df(11)18/Dp(11)18 3 1/1 timed matings and examined Df(11)18/1 and Dp(11)18/1 fetuses at E18.5 to determine if the poor survival of Df(11)18/1 mice after birth was caused by cardiac defects.
This analysis revealed that 34% of Df(11)18/1 fetuses (n ¼ 38) exhibited structural heart defects ( Table 2) . Five of these exhibited two or more abnormalities that are characteristics of the tetralogy of Fallot (TOF) complex, including perimembranous ventricular septal defects ( Figure 5, A and B) , overriding of the aorta ( Figure 5B ), and hypoplastic pulmonary trunks ( Figure  5C ). Four of these fetuses also showed the characteristic deviation of the parietal muscle band ( Figure 5B ) considered pathognomonic of TOF. In addition, 8 fetuses had inlet septal defects ( Figure 5A Df(11)18/Dp(11)18 3 Df(11)18/Dp (11)18 Df(11)18/Dp(11)18 3 1/1 Df(11)19/1 3 1/1
Df(11)18/Dp(11)18 Df(11)18/Df(11)18 Dp(11)18/Dp(11)18 Df(11)18/1 Dp(11)18/1 Df(11)19/1 1/1
E18.5 35* (92) 0* (0) 3* (8) 24 (40) 36 (60) 17 (47) 19 (53) and E). Heart defects were not detectable in Dp(11)18/1 fetuses from the same cross (n ¼ 42) or in 32 1/1 fetuses from other control matings. Dp(11)18/1 mice appear normal and have normal life expectancy.
Forty Df(11)18/1 mice were also examined for esophageal atresia and anomalies in limb and digit development at E18.5. None of the embryos exhibited blockage of the esophagus and no gross anomalies of the limbs and digits were observed under a stereomicroscope.
Intercrosses of Df (11)18/Dp(11)18 mice had reduced litter sizes, which we primarily attributed to loss of Df(11)18/Df(11)18 and Dp(11)18/Dp(11)18 embryos. However, these losses make it hard to assess if the balanced Df/Dp mice are fully viable. The heart defects observed in Df(11)18/1 mice might be caused by haploinsufficiency of deleted gene(s) or by an effect (upregulation) of the deletion on neighboring genes. Therefore we examined Df(11)18/Dp(11)18 mice fetuses at E18.5 for heart defects. None were detectable (n ¼ 35). These results indicate that heart defects were most likely due to haplo-insufficiency of one or more genes within or close to the deleted genomic region flanked by Mpo and Chad.
We examined the mouse genome assembly in the Df(11)18 region for genes that might cause heart defects. The Tbx2 gene (85.4 Mb from centromere) is located close to Mpo (87.4 Mb), but is outside the Df(11)18 deleted region in the C57BL/6 assembly. A homozygous mutation of Tbx2 causes developmental heart defects, including abnormalities in atrioventricular morphology and outflow tract septation (Harrelson et al. 2004) . Because the gene order can vary between inbred mouse strains, primarily as a result of polymorphic inversions between the 129S7 and C57BL/6 genomes, it is possible that the Tbx2 gene was deleted in Df(11)18/1 mice. Therefore, we examined Df(11)18/1 metaphase chromosomes for the copy number of the Tbx2 gene by FISH analysis using a BAC probe that contained the Tbx2 gene (data not shown). The Tbx2 gene was detected on both the deleted and the nondeleted chromosomes in Df(11)18/1 mice, confirming that deletion of the structural gene was not causing the observed heart defects. Although it is possible that a regulatory element(s) of Tbx2 may reside within the deletion interval, it is unlikely that Df(11)18 caused the heart defects by affecting Tbx2 expression because heterozygous Tbx2 mutant mice were reported to be normal (Harrelson et al. 2004 ) and our wholemount in situ hybridization analysis detected no significant alteration of the level or pattern of Tbx2 expression in E9.5 Df(11)18/1 embryos (data not shown).
Generation of a chromosomal deletion between Chad and HoxB1: The syntenic region of the mouse chromosome 11 genomic segment bounded by Chad and HoxB1 was also deleted in human 17q21.3-q24 deletion disorder. To examine the phenotypic consequence of the deletion in this syntenic region, we generated a deletion, Df(11)19, in mice using Chad and HoxB1 as the endpoints. This effort was aided by the known orientation of HoxB1 relative to the centromere, which was first revealed during the process of generating the genomic rearrangements among HoxB1, HoxB9, and Hsd17b1 (Ramirez- Solis et al. 1995; Liu et al. 1998; Medina-Martinez et al. 2000) . To generate Df(11)19 by cis recombination, AB2.2 ES cells were first targeted with pTVHoxB1 ( Figure 6A ). Four targeted clones were isolated and were tested for germline transmission competency. After confirmation that clone 7G could be reliably transmitted into the germline, this clone was electroporated with pTVChad14, a 39-Hprt targeting vector ( Figure 6A ), and the ES cells were then selected in puromycin. After 9 days of the selection, the cells from the resistant clones were pooled, electroporated with pOG231, and subsequently selected in HAT medium. Sib selection of the HAT r clones was performed with G418 and puromycin, 55% were G418 and puromycin sensitive. This sib selection result suggested that these clones carried the desired deletion, which was confirmed by Southern blot analysis ( Figure 6B ) and by FISH on metaphase chromosomes ( Figure 6C ). Df(11)19 was established in mice using standard procedures.
Heterozygous Df(11)19/1 mice appear normal and males were fertile. During an observation period of 12 months, however, Df(11)19/1 females (n ¼ 10) were infertile. We observed no discernible abnormality in the histology sections of ovaries of Df (11)19/1 females (n ¼ 10). The physiological cause of the female infertility is unknown.
Heterozygous E18.5 fetuses and postnatal mice from mating heterozygous Df(11)19/1 males to wild-type females were present at normal Mendelian ratios, suggesting that no heterozygous mutants are lost due to haplo-insufficiency (Table 1) . A total of 43 E18.5 fetuses carrying Df(11)19/1 were examined and no heart defect was detectable.
DISCUSSION
We have generated two multi-megabase deficiencies between Mpo and HoxB1 in mice. This mouse genomic region is syntenic to a segment on human 17q21.3-q24, which is associated with human constitutional deletion disorders (Figure 1) (Park et al. 1992 ; Dallapiccola et al. Metaphase chromosomes from a 7G9F ES cell that contains the Chad-HoxB1 deletion. The BAC probe RP23-276G11 (red) hybridized to the D11Mit171 locus, which was located outside the rearranged region whereas the RP23-374F6 probe (green) hybridized to the Ngfr locus, which was located inside the deletion interval.
1993; Khalifa et al. 1993; Levin et al. 1995; Thomas et al. 1996; Mickelson et al. 1997; Marsh et al. 2000) . Children with this disorder have a distinct phenotype, which includes heart defects, esophageal atresia, and hand abnormalities. Specific defects in heart development are atrial and ventricular septal defects, overriding aorta, pulmonary stenosis, patent ductus arteriosus, and dilated left atrium and ventricle (Park et al. 1992; Dallapiccola et al. 1993; Khalifa et al. 1993; Levin et al. 1995; Thomas et al. 1996; Mickelson et al. 1997; Marsh et al. 2000) . While Df(11)19/1 fetuses were normal, Df(11)18/1 fetuses had defects in heart development reminiscent of the human disorder, but there were some differences. Df(11)18/1 fetuses did not develop patent ductus arteriosus and dilated left atrium and ventricle. Furthermore, Df(11)18/1 fetuses did not develop esophageal atresia or digit anomalies. Similarities in the disease profiles of human patients and Df(11)18/1 fetuses suggests that deletion of one or more genes between the myeloperoxidase and chondroadherin genes may be responsible for some defects in heart development for both organisms. Differences in the disease profiles may be due to genes that were deleted in the 17q23.2-q24 region since some of this region is located outside of the region bounded by the myeloperoxidase and chondroadherin genes. It is possible that deletion of genes on 17q23.2-q24 was responsible for the development of patent ductus arteriosus, dilated left atrium and ventricle, esophageal atresia, and hand anomalies. In addition, TGA was detected in Df(11)18/1 mouse fetuses. The apparent absence of TGA in a low number of patients may be due to reduced penetrance of the haplo-insufficient phenotype in humans. These results demonstrate that the Df(11)18/1 mouse line is a good but incomplete model for deletions on human 17q21.3-q24. To recapitulate noncardiac phenotypes of this human chromosomal disorder, deficiencies will also need to be constructed in the mouse syntenic regions of human 17q21.3-q24 located outside of the Mpo-HoxB1 segment (Figure 1) .
The ventricular septal defect, overriding aorta, and pulmonary stenosis are the key structural components of TOF. TOF and TGA are among the most common congenital heart defects found in human infants. However, gene haplo-insufficiency mouse models that accurately recapitulate the TOF and TGA of haploinsufficiency syndromes are not available. In mice, a mutation in connexin 40 is the only heterozygous mutation that has been shown to cause TOF (Gu et al. 2003) . Furthermore, mice with heterozygous mutations that cause TGA are not available. Therefore, Df(11)18/1 mice represent a rare haplo-insufficiency model of TGA and TOF. TOF and TGA are morphogenetic abnormalities of the outflow tract and both phenotypic features may be simultaneously induced by mutations of single genes in humans or mice (Icardo and Sanchez de Vega 1991; Frank et al. 2002; McElhinney et al. 2003 ). Therefore, it is possible that a single haploinsufficieny gene may be responsible for TOF and TGA in Df(11)18/1 fetuses.
The discovery of a haplo-insufficient region of the mouse genome that is responsible for TOF and TGA will greatly facilitate the effort to identify specific genes that cause these two diseases. Candidate genes may be evaluated by mutation analysis. Within the deleted interval of Df(11)18, eight genes, Mpo, Sfrs1, Coil, Nog, Pctp, Hlf, Tob1, and Cacna1g, have been mutagenized by using a gene-targeting approach (supplementary Table  S2 at http:/ /www.genetics.org/supplemental/) (Brunet et al. 1998; McMahon et al. 1998; Aratani et al. 1999; van Helvoort et al. 1999; Peng et al. 2000; Yoshida et al. 2000; Brennan et al. 2001; Tucker et al. 2001; Gachon et al. 2004; Lee et al. 2004; Xu et al. 2005 ) but none of these targeted mutations have been reported to give a heterozygous cardiac phenotype. Targeted disruptions of all of the genes in the region one by one might eventually identify the causal gene, but it is more efficient to generate and analyze subdeletions of the region bounded by Mpo and Chad. This would reduce the number of candidate genes to a few genes. The generation of subdeletions has been made simpler by the newly established Mouse Insertional and Chromosome Engineering Resource, which contains 100,000 chromosome-engineering vectors distributed throughout the mouse genome (Adams et al. 2004) . If a haploinsufficient gene that is responsible for heart defects can be located in a subdeletion of 1 Mb, a complementary strategy of BAC transgenics could be used for binning of the gene to a single BAC (Antoch et al. 1997; Kibar et al. 2003) . Finally, targeted disruptions of the candidate gene may be carried out in ES cells to identify the causative gene for the TOF/TGA phenotype.
Both Df(11)18/1 and Df(11)19/1 caused infertility in female mice, suggesting that haplo-insufficiencies of at least two genes in the region are associated with impairment of female reproduction.
Modeling human chromosomal deletions in mice has become an essential approach for the study of deletion disorders of humans. This approach has provided an important alternative strategy for isolating the genes that are responsible for the clinical features associated with the human deletions. The Df(11)18/1 mouse line is a model for human cardiovascular defects associated with deletions on human chromosome 17. This model should serve as a powerful tool for the eventual identification of the haplo-insufficient gene or genes that are responsible for TOF and TGA.
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